Recent interest in hydrogen peroxide as green propellant for Space Propulsion applications justifies the efforts put in the development of numerical models and tools for the preliminary design of efficient catalysts. The multiplicity of phenomena involved, from the propellant phase change to the heterogeneous reactions, requires a step-by-step approach in order to identify key parameters and check the pertinence of the model. The phase change in porous media is the subject of the present work. In this instance the H 2 O 2 decomposition is neglected. A multiphase mixture model for 1D, steady-state and non-reacting flows in porous media is considered. Governing equations and constitutive laws are shown and discussed. A Matlab code, relying on the SIMPLE algorithm, has been developed to solve the system of equations. Flows of oxygen-saturated water through metal foams have been considered as test cases. Results have highlighted the capabilities of the model and also the difficulties related to the solution of the gas-phase saturation equation to model the complete propellant phase change in the porous bed.
Introduction
Despite their high I sp and I sp,d , traditional storable propellants are characterized by a number of disadvantages such as high toxicity and environmental impact. This results in high costs of operation and handling. Several research programs have been recently carried out to identify suitable "green" propellants able to replace traditional ones, 1, 2) Generally accepted criteria for propellants selection consist into benchmark performance, toxicity level, storage and development status against storable ones. A number of substances have been investigated in the last years, however only few seem to offer considerable improvements in Green Propulsion and to have quick implementation due to both actual performance and TRL (Technological Readiness Level). As Sackheim pointed out, a true green mono-propellant consists in a single species and, above all, it has to be qualified as low toxic.
3) Accordingly, highly concentrated hydrogen peroxide solutions are promising due to their innate low toxicity and environmental impact. H 2 O 2 molecules can decompose in both liquid and vapor phase according to exothermic reactions. The decomposition process occurs in 10 to 20 intermediate steps, 4) which can be reduced to the following global mechanisms for the liquid and the vapor phase reactions, respectively:
Depending on the initial propellant concentration, reaction products may be at 1200 K, making H 2 O 2 suitable for mono-propellant and bi-propellant applications. The decomposition reaction can occur both thermally and catalytically, however the focus is mainly on the last mechanism because of the higher rates of reaction. Advantages of solid catalysts are unquestionable, [4] [5] [6] and major efforts are put in the development of catalytic systems able to efficiently decompose highly concentrated H 2 O 2 solutions. Although silver screens have been extensively used because of their specific surface area and their high activity with H 2 O 2 , some drawbacks make them unsuitable with HTP (High Test Peroxide) or RGHP (Rocket Grade Hydrogen Peroxide) solutions. In fact, grades interesting for Space Propulsion applications are above 85% wt., with adiabatic decomposition temperature above 870 K. In oxygen rich environment and at high temperature silver oxidation is strongly enhanced and catalyst properties may be significantly affected. Furthermore, high costs and high pressure drops make silver screens even less attractive. Recently, extensive studies have been carried out to develop catalysts for the H 2 O 2 decomposition characterized by high activity and stability, short response time, long operative life, low weight and costs and also high resistance to thermal and mechanical shocks. A number of studies highlighted performance of supported catalysts with different composition and configurations. 5, 7, 8) Among these, Pt/Al 2 O 3 pellets have shown performances comparable to traditional silver packs. 8, 9) Furthermore the need of an appropriate solid temperature has been highlighted in order to guarantee high reaction rates and reduced transients. 9) Performances of packed bed reactors focused the attention on porous structures with high values of specific surface area and tortuosity, which enable mixing and promote the reaction. Furthermore, the selection of proper materials plays also a fundamental role for both catalyst efficiency and thermal management.
The development of successful H 2 O 2 -based propulsive systems requires proper design of the catalyst bed and a proper numerical model is needed for a better understanding of key phenomena. The complete description of the flow developing into the porous bed, reacting at catalyst surfaces and changing phase requires a detailed knowledge of all phenomena involved. A number of intermediate steps are needed to identify key parameters and check the pertinence of the model. In this work the focus is on the development of a numerical model for flows with phase change in porous media. The H 2 O 2 decomposition reactions have been in this instance neglected. Non-reacting flows in LTE (Local Thermal Equilibrium) have been considered to reduce the unknowns and focus the attention on the phase change, which is driven by liquid saturation. Further steps will include the solid and fluid energy balances and species continuities in order to take into account the exothermic reaction occurring at catalyst surfaces and that LTNE (Local Thermal Non-Equilibrium) between the phases may exist.
Numerical Formulation
In the next paragraphs basic assumptions, constitutive relations and governing equations are summarized. The porous medium has uniform void fraction distribution and specific surface area in both axial and radial direction, allowing the assumption of 1D flow. In fact the presence of a uniform medium homogenize the flow near the solid walls 10) and reduces temperature gradients in the radial direction.
11)
The flow is assumed steady state and incompressible, however compressibility effects can be further included to extend the range of applicability of the model. As first step in the development process, fluids and solid are assumed in LTE (Local Thermal Equilibrium) and the chemical reactions have been neglected. Further improvements will include species continuities and energy balance equations to evaluate temperature distribution in solid and fluid phases and concentration profiles. The interest in catalysts for H 2 O 2 decomposition justifies the focus on bubble nucleation and evolution due to O 2 saturation or boiling. As Oehmichen 12) discussed, if gaseous products are formed from a liquid reactant, bubbles can form even in isothermal conditions. When the liquid is in contact with a solid surface, the heterogeneous mechanism for bubbles formation is dominant and nucleation can take place in the activated pores existing on the solid surface. Bubbles evolution can significantly affect catalyst performance. If a bubble does not detach from the pore, it is blocked inside the cavity and the active surface area exposed to the reactant can be significantly reduced. On the other hand, when bubbles detach from the solid surface, external mass and heat transfer coefficients are strongly improved, with great impact on catalyst efficiency. Similar arguments hold also for bubbles formation due to boiling. Therefore bubbles nucleation and evolution in porous media has to be taken into account to properly predict system performance.
Porous media modeling
A porous medium is a fixed solid matrix with a connected void space through which a fluid can flow. 13) Packed bed reactors have been extensively used in chemical industry and several authors have recently investigated performance of porous structures as heat exchangers. Geometrical characteristics of the solid matrix can be represented in terms of macroscopic quantities such as the volumetric void fraction ε, the absolute permeability K and the specific surface area A s . In the present study, metal foam is considered as solid structure. Geometrical properties are modeled according to Calmidi et al. 14) Although a widely accepted model for transport properties in metal foams does not exist, in this work friction factor is calculated using correlations developed for single phase flows through metal foams. 14, 15) A biphasic multiplier 16) is considered to take into account the enhancement of transport properties in multiphase flow regime. Relative permeabilities and phase mobilities are calculated according to Wang.
17)

Multiphase mixture model
Two-phase flows involve relative motion between two phases. The knowledge of the flow-field requires the solution of a system of governing equations, including continuities and momentum written for each phase separately. As discussed in Ishii, 18) a separated-phase model can present considerable difficulties also related to uncertainty in specifying the interfaces and related interaction terms. The formulation in terms of a multiphase mixture overcomes these drawbacks, assuming that the dynamics of the two phases can be expressed by the mixture momentum equation and providing proper kinematic constitutive equations to evaluate the relative motion between the two fluids. The Multiphase Mixture Flow (MMF) model is an approximate formulation in comparison to the two-phase flow model and it is appropriate only when the motion of phases is strongly coupled. However, the reduced number of governing equations represents a great advantage, especially when other governing equations have to be considered to model reactions or LTNE phenomena between the fluid and the solid structure.
In the present analysis the two phases flowing in the catalyst are strongly coupled. Furthermore, the exothermic reactions occurring at catalyst walls do not allow the assumption of local thermal equilibrium between the fluid and the solid. Therefore the multiphase mixture flow model seems to be a valid approach for this complex system.
Mixture properties and constitutive relations
Multiphase mixture properties as defined by Wang 17) have been assumed to be valid in the present operating conditions:
Governing equations
The following equations and the above constitutive relations have been considered to describe the development of both phases. The formulation of mixture continuity (Eq. (15)) and momentum (Eq. (16)) is similar to that for single phase flows in porous media. The constitutive relations enable to define mixture properties and consider the multiphase nature of the flow. In order to model the phase transition and calculate local properties of liquid, gas and mixture, the continuity for the liquid or for the gas phase has to be considered. Eq. (17) represents the gas phase continuity and can be derived combining continuity and momentum equation of each phase. The final form is equivalent to the so-called saturation-conservation equation, traditionally formulated in terms of the liquid volumetric fraction � � . The source term � � represents the gas phase production per unit volume. As discussed by Starikovicius, 22) the gas phase saturation equation is non-linear and an iterative procedure is needed to solve it. Furthermore, it degenerates in the single phase regions, where � � or � � is zero. In this work the two-phase flow region is investigated and the single phase regions, where the flow is only liquid or only gas, have been ignored.
Vapor phase production
In the present application the gas is the dispersed phase. Here � � has been estimated assuming bubble formation according to a heterogeneous mechanism. 19) The condition for nucleation is
with � ����� the pressure of the saturated vapor at the local liquid temperature and concentration. If the above condition is satisfied, bubbles can form and their number is strictly related to the number of activated cavities on the solid surface. Proper surface area measurements and solid characterization can give information about cavity size and distribution. A probability factor f w is introduced to estimate activated pores 19) . In this work bubbles formation is driven by the continuous increase of the saturation of the system:
Henry's law has been considered to evaluate the equilibrium composition. The solubility constant Ko 2 of O 2 in water has been calculated according to correlation proposed by Jin and Yan, 20) which is valid up to temperatures of 560.93 K and pressure of 20 •10 6 Pa. No competition between adjacent gas clusters has been assumed and their growth modeled as suggested in Ref. 19 ).
The approximate size of the bubble that is leaving the surface can be calculated from the balance between the surface tension force F� and the drag force Fd, ��� respectively:
Boundary conditions
Because of the uncertainty related to the development of the flow into the reactor, which is strongly dependent on the two-phase flow regime, boundary conditions on the velocity cannot be considered. Pressure at reactor inlet and outlet is assigned by Dirichlet boundary conditions. Temperature, gas fraction and saturation level of water at the inlet are given.
Solution procedure
The discretized form of governing equations can be derived according to the Finite Volume Method. The 1st order upwind scheme is considered to difference convective terms. The SIMPLE algorithm 21) is implemented in Matlab to solve the system of linearized equations. The linearized form of Eq. (17) is solved by the built-in solver ode15s.
Results
All runs have been performed considering a pipe 0.1 m long, with constant cross section (0.015 m in diameter) and filled with a metal foam with uniform porosity and pore density (� = 0.95 and 800 pores/m). Cavities in the range 2-5•10 -6 m can be sites for bubble nucleation. 20) Cavities being 4•10 -6 m large and uniformly distributed on the metal surface have been here considered. Operating pressures about 10 6 Pa, common for mono-propellant thruster operations, and fluid temperatures below the fluid boiling point are considered. Pure water has been considered as working fluid. Oxygen solubility in water at room temperature and ambient pressure is about 9•10 -6 kg/L. According to Henry's law, the higher the pressure and the lower the temperature, the higher is the solubility. In each run the O 2 concentration and pressure drop have been selected to check if the model and the code are able to properly predict the corresponding solubility limit and locally promote the phase change. Boundary conditions and operating parameters of each run are reported in Table 1 . As previously discussed, the saturation equation degenerates when the flow is single phase. In this work, the two-phase flow region is investigated and an initial volumetric fraction of gas phase is given.
In order to verify convergence and reliability of the code, two preliminary simulations have been run: 1) the case of water (single phase) flowing through the porous bed and 2) the case of a two-phase flow of pure water and gaseous oxygen, respectively. For sake of clarity it has to be pointed out that in Case 1 only water is entering the bed and no O 2 is dissolved in it. In this case the system of governing equation reduces to Eqs. (15) and (16) . There is no source of gas phase and therefore Eq. (17), which would degenerate in the single phase region, does not need to be solved. The calculated mixture pressure and velocity correspond to the liquid ones ( Figs. 1 and 2) .
In order to check the capability of the code to deal with two-phase flows, Case 2 has been performed. The solubility of O 2 in water has been neglected and Eq. (17) has been ignored. As shown in Fig. 2 , mixture velocity is higher than the liquid and the gas ones. This can be justified with the consideration that the system of governing equation is solved for and and liquid and gas ones are then derived according to the constitutive relations previously reported. Furthermore, the so-called virtual mass flow rate represents the mass flow rate of a fluid with density , mixture mean velocity and mobility , which is lower than 1. Figure 2 also shows that liquid velocity is higher than the gas one, despite what one would expect. In fact, due to the low gas phase fraction flowing through the medium, the gas mobility is significantly lower than . Consequently, gas moves slower than liquid. In Case 3, O 2 is dissolved in water, however the saturation level is lower than the corresponding limit at the considered temperature and pressure. Therefore the phase change cannot occur and the volumetric fractions are constant. Similarly to Case 2, the liquid velocity is higher than the gas one.
In Case 4, O 2 concentration in water is further increased and the saturation limit is overcome. Conditions for bubbles nucleation are here satisfied and the phase change occurs, as shown in Figs 4, 5 and 6. The gas phase saturation s g , i.e. the volumetric void fraction filled with gas, slightly increases and the total amount of gas flowing through the reactor increases of about 0.5% vol.
Results here presented account for bubbles nucleation in isothermal conditions. In catalysts for the decomposition of highly concentrated H 2 O 2 solutions, fluid temperature ranges between the initial temperature and the adiabatic de- composition one, which can be higher than 1200 K for 100% wt. H 2 O 2 solutions.
Case 5 has been carried out assuming a non-uniform temperature distribution along the bed, to increase the local level of liquid saturation and promote the phase change. In fact, no phase change occurs in water at the same pressures and at room temperature, if the initial O 2 mass fraction in water is 5·10 -4 . It has to be highlighted that in this work the fluid and the solid have been assumed in thermal equilibrium and a non-reacting working fluid has been considered. Therefore all possible sources of energy have been neglected and the system of governing equation solved does not include the mixture energy balance. An arbitrary linear temperature distribution has been assigned in order to evaluate model capabilities in the prediction of the phase change.
As previously discussed, oxygen solubility in water depends on local pressure and temperature. At given pressure, a change in temperature corresponds to a change in Ko 2 and and in the conditions for bubbles nucleation. At higher temperatures the amount of oxygen which can be solute in water decreases and therefore more bubbles can nucleate, increasing the volumetric fraction of gas. However, the increase in does not correspond to an increase in gas mobility. In fact, the increase in gas relative permeability is not enough to counteract effects of the gas kinematic viscosity, which increases at higher temperature. Therefore gas mobility decreases, according to Eq. (14) . The reduced at higher temperatures corresponds to a lower gas phase velocity, as shown in Fig. 7 . Furthermore, the increased volumetric fraction of gas with low mobility produces a reduction in the actual cross section available for the liquid flow. Therefore both liquid and mixture velocity increase. Similar results can be obtained with further of temperature gradients. 
Conclusion
Recent interest in H 2 O 2 as green propellant justifies the efforts put in the development of tools for the preliminary design of efficient catalysts for propellant decomposition. A model for multiphase flow in porous media is here presented and preliminary results are showed.
Isothermal and non-isothermal flows of oxygen-saturated water through metal foams undergoing an expansion have been simulated. Results highlighted both model capabilities and difficulties related to the solution of the gas-phase saturation equation. As discussed, it is a strongly non-linear equation which degenerates in single phase regions. The two-phase flow region has been here considered. Eq. (17) has been solved in the two-phase flow region by a Matlab solver relying on an iterative procedure.
The strong impact of the initial conditions suggests the need of a different formulation in order to allow the simultaneous solution of the whole domain, from the liquid-phase flow to the gas-phase flow through the two-phase region.
Further developments will include the alternative formulation for the calculation of the volumetric fractions and the extension of the model to the whole range of saturation. Species continuities will be solved to consider effects of the catalytic reaction which affects fluid composition and temperature.
The exothermic reaction occurring at catalyst walls does not allow the assumption of local thermal equilibrium and therefore solid and fluid energy balances will be also implemented. 
